Abstract-A technique to electrically control the time shift of ultrashort optical pulses without the generation of replicas is demonstrated on the basis of frequency-to-time conversion and single-sideband suppressed-carrier modulation of the optical spectrum. Pulses are advanced or delayed according to the modulated sideband. The time shift depends on the intensity of the frequency-to-time conversion and the frequency of the electrooptical modulation. The technique can be applied to pulses with any duration although it is susceptible to pulse widening because of the combined effect of nonlinear frequency-to-time conversion and electro-optical modulation. Experimental results show dynamic shifting of ultrashort optical pulses up to 100 ps at the expenses of widening originating from the third-order dispersion of the fiber.
I. INTRODUCTION

C
ONTROLLING the speed at which light propagates provides important utilities in several fields. It allows increased light-matter interaction for nonlinear applications and is essential for the future development of optical memories [1] , [2] .
In particular, the control of the speed of optical pulses has attracted considerable attention recently due to its applicability in fields such as high-speed communications and optical sampling. Several solutions based on non-linear effects as stimulated Brillouin or Raman scattering [3] , [4] and selfphase modulation in optical fiber [5] have been proposed. While the former schemes provide small delays the latter provides much larger ones at the expenses of pulse widening. Another solution relies on gain saturation in a semiconductor optical amplifier [6] , which however shows small delays with only a slight degradation of the pulse width.
Schemes based on electro-optical modulation of the timestretched optical spectrum have recently been reported [7] - [9] . In [7] a ramp-type signal feeding an electro-optical phase modulator introduced a time-dependent phase shift onto the previously chirped pulses, which translated into a time delay once the pulses were recompressed. The spectrum was time-dispersed and recompressed by means of several chirped fiber Bragg gratings (CFBGs). The use of CFBG although feasible for picosecond pulses, becomes quite difficult for shorter pulses due to their large bandwidth. In [10] , frequencyto-time conversion was performed by means of standard single-mode fiber (SSMF) and the amplitude modulation of the optical spectrum. This technique generates several pulses [11] and a second stage is required to filter the pulse of interest, which increases the complexity of the system and requires synchronization.
In this letter, we propose the implementation of a tunable all-fiber optical delay line by means of the single-sideband suppressed-carrier (SSB-SC) modulation of the timedecomposed optical spectrum. Only a single delayed pulse is generated, thus no additional processing is required.
II. PRINCIPLE OF OPERATION
The principle of operation is detailed in Fig. 1 . Optical pulses generated in a mode-locked laser (MLL) are injected into a dispersive device which performs frequency-totime conversion because the different spectral components propagate at different group velocities. The stretched pulses are then modulated by means of an electro-optical modulator (EOM) before the opposite dispersion is applied to the pulses and the domain conversion is reverted [ Fig. 1(a) ]. SSB-SC modulation introduces a delay on the single sideband that depends on the local oscillator (LO) frequency while no additional pulses are generated. The process can be compared with the external modulation of a continuous-wave (CW) laser as shown in Fig. 1(b) . The main difference is the domain conversion performed before the electro-optical modulation, which leads to the generation of the additional components in the time domain instead of appearing in the spectral one [12] .
The frequency-to-time conversion is performed using DCF, while SSMF recompresses the spectrum in time. The spectrum at the output of the DCF considering up to the third term of the expansion of the mode-propagation constant, β, in Taylor series, is
being ω frequency, S f s F L (ω) the optical spectrum of the femtosecond laser, L DC F the DCF length, and β 2 and β 3 the second and third-order dispersion parameters, SOD and TOD, respectively. This signal is injected into the dual-parallel Mach-Zehnder modulator (DP-MZM) and its spectral components recompressed by the SSMF. The resultant spectrum for the delayed pulse is
where ω L O accounts for the LO frequency and L S S M F and β S S M F correspond to length and dispersion parameters of the standard fiber. The spectrum of the pulse is the convolution of the transform-limited source spectrum with different terms. The first exponential does not depend on ω, therefore not affecting the pulse shape. The second exponential corresponds to the temporal shift of the pulse. Its value depends on the parameters of the DCF and the LO frequency as
Although the dependence of the delay on the modulation frequency is quadratic it can be considered linear for the dispersion parameters and modulation frequencies considered in this letter. The third exponential term of (2) introduces a quadratic phase change in the spectrum and accounts for the pulse widening introduced by the SOD of DCF and SSMF and the accumulated TOD of the DCF multiplied for the modulation frequency. Although the first two components may get cancelled as long as the accumulated SOD of both fiber links presents the same magnitude and different sign, the last term depends on the LO frequency. Thus, it cannot be compensated for the whole set of delayed pulses unless controllable dispersion compensating devices such as spatial gratings of even pulse shapers are employed. Its effect is expected to limit the performance of the system, especially for large delays. The last term of (2) accounts for cubic changes in the phase of the spectrum, affecting the pulse shape through uncompensated TOD. Simultaneous compensation of both SOD and TOD is difficult because it requires identical SOD/TOD ratios between the compensating and compensated fibers. Thus, the most harmful dispersion term is often compensated. Assuming unchirped Gaussian pulses and perfect SOD compensation the full width at half maximum (FWHM) duration of the time shifted pulses can be expressed as a function of the parameters of the system as follows [13] .
As shown in (4) pulses are widened due to uncompensated TOD and the nonlinear response of the frequency-to-time conversion stage whose importance raises for increasing modulation frequencies. The degradation introduced could be dynamically compensated by phase modulation of the chirped pulses [14] . According to (2) there is a change in the carrier frequency due to the time shift. Additional modulation at the output of the system could bring the signal back to its original spectral band.
III. EXPERIMENTAL RESULTS
The experimental setup is shown in Fig. 2 . Gaussian pulses with a FWHM of 100 fs are generated in a femtosecond fiber laser (fs FL). The repetition rate is 50 MHz and the average power is 5 dBm, which is low enough to minimize the non-linear effects taking place during fiber propagation. These pulses are time-stretched up to 5 ns by means of 2.7 km of DCF with dispersion of −160 ps/km·nm and a dispersion slope of −0.2 ps/km·nm 2 . They are injected into a 10-GHz DP-MZM which is fed by a frequency tunable microwave (a) Optical pulses generated after DSB modulation. Inset: time difference between the main and secondary pulses as a function of the modulation frequency. (b) Optical pulses generated after LSB-SC and USB-SC modulation. Inset: optical spectra for DSB and SSB-SC modulation of a CW laser.
generator. A microwave π/2 hybrid suitable for the 2-18 GHz band is also employed. By properly adjusting the bias points of the DP-MZM a SSB-SC modulation is applied to the chirped pulses. The modulated pulses are recompressed by means of SSMF. The shape and introduced delay are observed in an optical autocorrelator (OA) and a digital communications analyzer (DCA). Amplification was introduced when necessary by means of Er-doped fiber amplifiers (EDFAs).
Temperature changes on the long fiber reels leads to noticeable delay changes due to thermal expansion/contraction. According to the coefficient of thermal expansion of the silica at room temperature (0.5 ppm/K), the additional advancement/delay is 75 ps/K, in good agreement with the observations. This problem was solved by introducing several optical circulators (OCs) in the system in such a way that the fs FL output went through an optical splitter (OS) and was used as the DCA trigger after passing through both SSMF and DCF reels and being photo-detected (PD). This solution provides stability to interferometry setups such as THz time-domain spectroscopy systems [15] . Fig. 3 shows the results obtained. The microwave hybrid was removed and measurements for DSB modulation obtained as shown in Fig. 3(a) . The f L O swept the range 3-15 GHz in 2 GHz steps. The traces of Fig. 3 were obtained in an 80-GHz bandwidth DCA, thus the real pulse width is not represented. The inset of Fig. 3(a) shows the advance/delay (τ ) introduced on the sidebands as a function of LO frequency. The inset of Fig. 3(b) shows that carrier-suppressed modulation was obtained for both the lower (LSB) and upper-sidebands (USB). An extinction ratio of 20 dB with respect to the optical carrier and removed sideband was obtained. Fig. 3 shows that single advanced/delayed pulses can be achieved when SSB-SC modulation is performed. In particular, Fig. 3(b) shows advanced and delayed pulses for LSB-SC and USB-SC modulations, respectively. The lower amplitude of the pulses with longer delays is due to the poor response of the modulator used in the experiments for high frequencies.
Once the operating principle has been demonstrated, autocorrelation traces and delay characterization as a function of the LO frequency were performed. Fig. 4(a) shows experimental results for the delay. It fits the theoretical response, which can be considered linear with β DC F 2 ·L DC F slope in terms of the LO angular frequency as predicted by theory.
The coefficient of determination for a linear fit of the experimental results was greater than 0.99. Fig. 4(b) shows the experimental measurement of the width of the advanced/delayed pulses when using the DCF and SSMF as frequency-to-time converters. The width of the pulses is estimated by means of optical autocorrelation and assuming Gaussian-shaped pulses. A FWHM of 300 fs with small sidelobes originating from the uncompensated TOD is obtained for the pulses with no modulation. To compensate for TOD the ratio between the magnitudes of the β 3 parameters is similar to the one for β 2 . The theoretical degradation of the pulses shown in Fig. 4(b) is given by (4) . Good agreement is observed between theory and experiments. Although the duration of the pulse has been provided at several parts of the system, it could be estimated at any point by numerically solving the equation for propagation of pulses through optical fiber [13] . A time shifting of the original 100-fs up to 100 ps imply a delay-bandwidth product of the system of 1000 although different degradations widen the output pulses up to the ps range. Enhanced performance could be obtained by means of additional processing techniques [14] or a more linear frequency-to-time converter.
Dependence of the pulse duration at the output of the system on the LO frequency limits the maximum data rate that can be transmitted. For the experiments performed rates exceeding 300 Gsymbol/s can be transmitted without intersymbol interference.
IV. CONCLUSION
It has been shown that single-sideband suppressed-carrier modulation of the spectrum of ultrashort pulses is an efficient technique to obtain single delayed pulses with a simple setup. Femtosecond pulses have been advanced and delayed up to 100 ps by means of frequency-to-time conversion in optical fiber. Since the technique is not bandwidth limited it can be applied to pulses with arbitrary duration, being its performance limited only by the linearity of the frequency-to-time converter and the residual dispersion.
